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Description

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application is based on Japanese Patent
Application No. 2022‑37356 filed on March 10, 2022, the
disclosure of which is incorporated herein by reference.

TECHNICAL FIELD

[0002] The present disclosure relates to a solid elec-
trolyte for a secondary battery and a secondary battery
including the solid electrolyte.

BACKGROUND ART

[0003] In recent years, from the viewpoint of improving
safety, lithium ion batteries that are entirely solidified
using a solid electrolyte have been attracting attention
as lithium ion batteries that do not use organic solvents as
electrolytes. As solid electrolytes for use in such lithium
ion batteries, sulfide solid electrolytes, oxide solid elec-
trolytes, and the like have been proposed. For example,
as solid electrolytes that are more stable in air, Patent
Literature 1 discloses an oxide solid electrolyte having a
garnet structure (for example, LLZO), and Patent Litera-
ture 2 discloses an oxide solid electrolyte having a NA-
SICON structure (for example, LAGP).

PRIOR ART LITERATURE

[Patent Literature]

[0004]

Patent Literature 1: JP 2021‑150140 A
Patent Literature 2: JP 2020‑80231 A

SUMMARY OF INVENTION

[0005] However, since ionic conductivities of conven-
tionally used oxide solid electrolytes having a garnet
structure or a NASICON structure are low, it is difficult
to sufficiently increase an output density of a secondary
battery.
[0006] In view of the above, an object of the present
disclosure is to provide a solid electrolyte for a secondary
battery capable of improving an ionic conductivity.
[0007] In order to achieve the above object, a solid
electrolyte for a secondary battery of the present disclo-
sure includes an oxide-based solid electrolyte having a
pyrochlore structure and having a composition formula of
Aa2-αAb(1+α)/3B2O7-βXβ. Aa is an alkali metal. Ab con-
tains at least a lanthanoid. B is a cationic metal different
from Aa and Ab. X is an anion that is substitutable with an
O atom constituting a pyrochlore structure.
[0008] According to the present disclosure, it is possi-
ble to improve an ionic conductivity as compared with

oxide-based solid electrolytes conventionally known as
solid electrolytes for secondary batteries.

BRIEF DESCRIPTION OF DRAWINGS

[0009]

FIG. 1 is a cross-sectional view showing a config-
uration of a secondary battery according to an em-
bodiment of the present disclosure.
FIG. 2 is a diagram showing a manufacturing pro-
cess of a solid electrolyte.
FIG. 3 is a diagram showing a crystal structure of the
solid electrolyte.
FIG. 4 is a diagram showing impedance measure-
ment results of solid electrolytes of the embodiment
and a comparative example.
FIG. 5 is a diagram showing results of measuring an
ionic conductivity of the solid electrolyte while chan-
ging an environmental temperature.

DESCRIPTION OF EMBODIMENTS

[0010] Hereinafter, an embodiment in which a solid
electrolyte for a secondary battery of the present disclo-
sure is applied to a lithium ion battery will be described
with reference to the drawings. A secondary battery 10 of
the present embodiment is a lithium ion battery in which
charging and discharging are performed by lithium ions
moving between a negative electrode 12 and a positive
electrode 14.
[0011] As shown in FIG. 1, the secondary battery 10
includes a negative electrode current collector 11, the
negative electrode 12, a positive electrode current col-
lector 13, the positive electrode 14, and a solid electrolyte
15. The solid electrolyte 15 corresponds to the solid
electrolyte for the secondary battery.
[0012] The solid electrolyte 15 is sandwiched between
the positive electrode 14 and the negative electrode 12.
The negative electrode 12 and the solid electrolyte 15 are
in contact with each other. The positive electrode 14 and
the solid electrolyte 15 are in contact with each other. The
negative electrode 12 and the positive electrode 14 are
connected through the solid electrolyte 15. The second-
ary battery 10 of the present embodiment is a lithium ion
battery in which charging and discharging are performed
by lithium ions moving between the negative electrode 12
and the positive electrode 14 through the solid electrolyte
15.
[0013] A stacked body including the negative electrode
12, the positive electrode 14, and the solid electrolyte 15
is disposed between the negative electrode current col-
lector 11 and the positive electrode current collector 13.
The negative electrode current collector 11 and the ne-
gative electrode 12 are in contact with each other. The
positive electrode current collector 13 and the positive
electrode 14 are in contact with each other. The negative
electrode current collector 11 and the positive electrode
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current collector 13 are connected through the stacked
body.
[0014] Any material that can be used as a current
collector for a lithium ion battery can be used for the
negative electrode current collector 11 and the positive
electrode current collector 13. In the present embodi-
ment, Cu is used as the negative electrode current col-
lector 11, and Al is used as the positive electrode current
collector 13.
[0015] A negative electrode material constituting the
negative electrode 12 can be any material that can be
used as a negative electrode active material for lithium
ion batteries, such as a carbon-based negative electrode
material, an oxide-based negative electrode material, or
a metal-based negative electrode material. In the present
embodiment, a lithium-based negative electrode materi-
al or a Si-based negative electrode material is used.
[0016] A positive electrode material constituting the
positive electrode 14 can be any material that can be
used as a positive electrode active material for lithium ion
batteries. As the positive electrode 14, for example, a
cobalt-based positive electrode material (LiCoO2), a
nickel-based positive electrode material (LiNiO2), a man-
ganese-based positive electrode material (LiMn2O4), an
iron phosphate-based positive electrode material (LiFe-
PO4), a ternary positive electrode material (NMC) mainly
composed of nickel, manganese, and cobalt, and the like
can be used.
[0017] The solid electrolyte 15 has ion conductivity and
is capable of moving lithium ions between the negative
electrode 12 and the positive electrode 14. The solid
electrolyte 15 is an oxide-based solid electrolyte, and
has a pyrochlore structure represented by the composi-
tion formula "Aa2-αAb(1+α)/3B2O7-βXβ".
[0018] In the above composition formula, O is an oxy-
gen atom, and Aa, Ab, B, and X represent any element or
group. Aa, Ab and B are different types of cations, and O
and X are different types of anions.
[0019] In the above composition formula, 0.6<α<2.0,
and 0<β≤1. When α changes, the composition ratio of Aa
and Ab changes, and when β changes, the composition
ratio of O and X changes.
[0020] Aa is an alkali metal. As the alkali metal repre-
sented by Aa, any one selected from a group consisting of
Li, Na, and K can be used. In the present embodiment, Li
is used as Aa. The composition ratio (2-α) of Aa is in the
range of 0<(2-α)<1.4.
[0021] Ab contains at least a lanthanoid. As the lantha-
noid represented by Ab, at least one selected from a
group consisting of La, Ce, Nd, and Sm can be used. In
the present embodiment, La is used as Ab. The composi-
tion ratio (1+α)/3 of Ab is in the range of 0.53<(1+α)/3<1.
[0022] A basic structure of Ab consists of the lantha-
noid, and a part of the lanthanoid constituting Ab may be
substituted with an alkaline earth metal (Ca, Mg, Sr, or the
like). In the solid electrolyte 15 of the present embodi-
ment, it is considered that since the lanthanoid is con-
tained in the pyrochlore structure in which 0.6<α<2.0 and

0<β≤1 in the above composition formula, defects are
generated in a crystal structure and an ionic conductivity
is improved.
[0023] In the solid electrolyte 15 of the present embo-
diment, an A cation in a composition formula "A2B2O7" of
a general pyrochlore structure is a composite cation
including lithium and the lanthanoid. This is believed to
contribute to the improvement of the ionic conductivity of
the solid electrolyte 15.
[0024] B is a cationic metal different from Aa and Ab,
and is a transition metal or a metal selected from Group
15 elements. B constitutes an octahedron surrounded by
six O atoms in a crystal. As the transition metal repre-
sented by B, a Group 4 transition metal or a Group 5
transition metal can be used, and more specifically, at
least one selected from a group consisting of Nb, Ta, Ti,
Zr, Hf, and V can be used. As the Group 15 element
represented by B, Sb and Bi can be used.
[0025] X is an anion that can be substituted with an O
atom constituting the pyrochlore structure. X is different
from an O atom in electronegativity and polarizability. As
the anion represented by X, at least one selected from a
group consisting of F, S, Cl, and OH can be used. The
composition ratio β of X is in the range of 0<β≤1, and at
least a part of O atoms constituting the pyrochlore struc-
ture is substituted with X. In the present embodiment, F is
used as X.
[0026] The solid electrolyte 15 of the present embodi-
ment has a defect structure in which lattice defects are
included in the crystal by replacing a part of O atoms
constituting the pyrochlore structure with anions having
electronegativity and polarizability different from those of
the O atoms. It is considered that the solid electrolyte 15
of the present embodiment has improved ionic conduc-
tivity due to the presence of the defect structure in the
pyrochlore structure.
[0027] In the solid electrolyte 15 of the present embo-
diment, the defect structure is a state in which Aa and Ab
are partially deficient. The composition formula of the
general pyrochlore structure is "A2B2O7", and a compo-
sition ratio of the A cation is 2. In contrast, in the solid
electrolyte 15 of the present embodiment, composition
ratios of Aa and Ab are "2-α" and"(1+α)/3", respectively,
and 0.6<α<2.0, so that the total composition ratio of Aa
and Ab is less than 2. That is, in the crystal structure of the
solid electrolyte 15 of the present embodiment, at least
one of Aa and Ab is partially deficient. A composition ratio
corresponding to the deficient portion of Aa and Ab is
(2α‑1)/3.
[0028] In addition to the deviation of the composition
ratio, the defect structure can also be formed by making a
sum of valences of the cations composed of Aa, Ab and B
and the anions composed of O and X negative in the
above composition formula.
[0029] Furthermore, the solid electrolyte 15 of the pre-
sent embodiment is a composite anion compound having
the pyrochlore structure containing a plurality of anions
such as O and X, and since the anion represented by X is
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present in the BO6 coordination octahedral structure, the
alkali metal of Aa can be positioned in the center of a
space between the BO6 coordination octahedrons with-
out approaching the BO6 coordination octahedron.
Therefore, it is considered that the solid electrolyte 15
of the present embodiment has high ionic conductivity
when used in an electric field such as a battery.
[0030] In addition, since α and β in the above composi-
tion formula affect the lattice defects and the ionic con-
ductivity, it is desirable to set α and β in an appropriate
range. When the values of α and β are large, a defect
concentration in the crystal lattice increases, but when
the values exceed a certain amount, the concentration of
the alkali metal represented by Aa decreases and the
ionic conductivity decreases. Therefore, it is desirable to
control α within a range of 0.6<α<2.0 and β within a range
of 0<β≤1.
[0031] Next, a method for manufacturing the solid
electrolyte 15 of the present embodiment will be de-
scribed with reference to FIG. 2. In the method for man-
ufacturing the solid electrolyte 15, a first mixing process
S10, a first firing process S20, a second mixing process
S30, a forming process S40, and a second firing process
S50 are performed in this order.

(First Mixing Process)

[0032] First, a lanthanum source, a lithium source, and
a niobium source are prepared as raw materials, and the
first mixing process S10 in which these sources are
mixed together is performed. As the lanthanum source,
the lithium source, and the niobium source, metal oxides,
metal carbonates, or the like can be used. In the present
embodiment, La2O3 is used as the lanthanum source,
Li2CO3 is used as the lithium source, and Nb2O5 is used
as the niobium source. In the first mixing process, La2O3,
Li2CO3, and Nb2O5 are mixed at a predetermined ratio.

(First Firing Process)

[0033] Next, the first firing process S20 of firing the
mixture of La2O3, Li2CO3, and Nb2O5 is performed. In the
first firing process S20, two stages of firing are performed.
In a first stage, a provisional firing is performed by heating
the mixture in air at 500°C for 6 hours. By the provisional
firing, moisture and the like are removed from the mixture,
and a reactivity can be increased. Subsequent to the
provisional firing, a main firing in which the mixture is
heated in air at 1200°C for 4 hours is performed. Accord-
ingly, Li0.5La0.5Nb2O6 which is a precursor of a target
product is obtained.

(Second Mixing Process)

[0034] Next, the second mixing process S30 is per-
formed in which a fluorine source is prepared as a raw
material, and the fluorine source is mixed with
Li0.5La0.5Nb2O6 being the precursor. As the fluorine

source, a metal fluoride can be used. In the present
embodiment, LiF and LaF3 are used as fluorine sources.
LiF is a fluorine source and a lithium source, and LaF3 is a
fluorine source and a lanthanum source. In the second
mixing process S30, LiF and LaF3 are mixed with
Li0.5La0.5Nb2O6 at a predetermined ratio to obtain a
mixed powder.

(Forming Process)

[0035] Next, the forming process S40 is performed in
which the mixed powder of Li0.5La0.5Nb2O6, LiF, and
LaF3 is processed into a pellet shape and is pressurized
at 100 MPa. Accordingly, the mixture of Li0.5La0.5Nb2O6,
LiF, and LaF3 is formed into a pellet shape.

(Second Firing Process)

[0036] Next, the second firing process S50 of firing the
mixture of Li0.5La0.5Nb2O6, LiF, and LaF3 is performed. In
the second firing process S50, firing is performed by
heating the mixture of Li0.5La0.5Nb2O6, LiF, and LaF3
at 1000°C for 6 hours in a nitrogen atmosphere.
[0037] Through the above processes, a crystal having
a pyrochlore structure represented by the composition
formula "Li1.25La0.58Nb2O6F" can be obtained. In this
example, the crystal obtained in the second firing process
S50 has the plate shape and can be used as the solid
electrolyte 15 of the secondary battery 10. The relative
density of the pellet-shaped sintered solid electrolyte was
78%.
[0038] Note that a crystal having a pyrochlore structure
represented by the composition formula "Li2-
αLa(1+α)/3Nb2O7-βFβ" can be obtained by changing the
mixing ratio of La2O3, Li2CO3, and Nb2O5 and the mixing
ratio of LiF and LaF3 in the above production process.
[0039] In the composition formula, α can be adjusted
by changing the mixing ratio of La2O3, Li2CO3, and
Nb2O5. β can be adjusted by changing the mixing ratio
of LiF and LaF3. When firing is performed, a part of the
materials is sublimated. Therefore, α and β can also be
adjusted by changing firing conditions, a firing furnace
atmosphere, and a firing furnace size in the first firing
process and the second firing process.
[0040] Next, the crystal structure of the solid electrolyte
15 of the present embodiment will be described with
reference to FIG. 3. FIG. 3 shows the crystal structure
of the solid electrolyte 15 of the present embodiment
obtained by a synchrotron radiation analysis. In the syn-
chrotron radiation analysis, the crystal structure was
obtained by performing Rietveld analysis using measure-
ment data by X-ray diffraction (XRD).
[0041] As shown in FIG. 3, the solid electrolyte 15 of the
pyrochlore structure has a crystal structure in which an
octahedral three-dimensional network composed of
NbO6 is formed. In NbO6, O is arranged at each vertex
with Nb as the center, and each vertex is shared with the
adjacent NbO6. In the three-dimensional network com-

5

10

15

20

25

30

35

40

45

50

55



5

7 EP 4 492 524 A1 8

posed of NbO6, a hexagonal tunnel structure in which
cations composed of La/Li and anions composed of F are
arranged is formed.
[0042] Next, a result of measuring the ionic conductiv-
ity of the solid electrolyte 15 of the present embodiment
by an alternating current impedance method will be de-
scribed.
[0043] FIG. 4 shows a Nyquist plot of an impedance
measured by applying an alternating current signal to the
solid electrolyte 15 of the present embodiment. In FIG. 4,
the vertical axis represents the imaginary component Z"
of the impedance, and the horizontal axis represents the
real component Z’ of the impedance. FIG. 4 also shows
an impedance of LLZO (Li7La3Zr2O12) being an oxide-
based solid electrolyte as a comparative example. The
impedance measurements were carried out at room
temperature. Specifically, the impedance measurement
was carried out at 25°C. In the present specification,
room temperature is in the range of 10 to 40°C.
[0044] The impedance of the solid electrolyte was
measured using a two-terminal method in which a mea-
surement sample with electrodes coated on both sides of
a pellet-shaped solid electrolyte was incorporated into a
UFO-type cell. For the measurement device, the
VSP‑300 manufactured by BioLogic was used. For the
electrodes, metals with low electrical resistance and high
stability, such as Au, Pt, and Ag, were used.
[0045] In the impedance measurement, an alternating
current signal was applied to each solid electrolyte at a
plurality of frequencies, and an alternating current im-
pedance was measured at each frequency. By plotting
the measured impedances on a complex plane, a com-
plex impedance plot including an arc trajectory shown in
FIG. 4 was obtained. Then, the resistance value of the
measurement sample was acquired from the contact
point between the extension line of the plurality of mea-
surement points at which the impedance decreased in an
arc shape and the horizontal axis, and the ion conductiv-
ity was calculated by multiplying the inverse of the re-
sistance value by the thickness (cm) / the electrode area
(cm2) of the measurement sample.
[0046] As a result, the ionic conductivity of the solid
electrolyte 15 of the present embodiment was 2.0×10‑3
S/cm, and the ionic conductivity of the comparative ex-
ample was 3.0×10‑4 S/cm. In the solid electrolyte 15 of
the present embodiment, a significantly higher ionic con-
ductivity was obtained than in the comparative example.
[0047] Thus, the secondary battery 10 including the
solid electrolyte 15 of the present embodiment has an
ionic conductivity with a mantissa of 2.0, a base of 10, an
exponent of ‑3, and units of S/cm. The solid electrolyte 15
has an ionic conductivity on the order of 10‑3 S/cm, which
is significantly higher than that of the comparative exam-
ple. The solid electrolyte 15 has an ionic conductivity that
is an order of magnitude different from that of the com-
parative example.
[0048] The mantissa of the ionic conductivity of the
solid electrolyte 15 varies depending on the adopted

alkali metal, lanthanoid, cationic metal, and anion that
is substitutable with an O atom. It is also expected that the
mantissa of the ionic conductivity will be 1.0 or less, or
10.0 or more.
[0049] Furthermore, the ionic conductivity also varies
depending on the measurement environment and the
measurement method. At room temperature, it is ex-
pected that the mantissa will increase with increase in
the measurement environment temperature.
[0050] Here, results of measuring the ionic conductivity
of the solid electrolyte 15 of the present embodiment
while changing the environmental temperature will be
described. The ionic conductivity was measured using
the above-described measuring device under the same
measuring conditions except for the environmental tem-
perature. The ionic conductivity was measured 3 hours
after the temperature was set.
[0051] FIG. 5 shows the results of measuring the ionic
conductivity σ of the solid electrolyte 15 at temperatures
of 60°C, 40°C, 20°C, 0°C, ‑20°C, and ‑30°C. In FIG. 5, the
vertical axis represents the logarithm of the ionic con-
ductivity σ, and the horizontal axis represents the reci-
procal of the environmental temperature. As shown in
FIG. 5, it is understood that the ionic conductivity of the
solid electrolyte 15 is temperature dependent. Specifi-
cally, the ionic conductivity increases with increase in the
environmental temperature, and the ionic conductivity
decreases with decrease in the environmental tempera-
ture.
[0052] The solid electrolyte 15 of the present embodi-
ment described above has the pyrochlore structure in-
cluding the alkali metal and the lanthanoid as cations.
The solid electrolyte 15 having such characteristics can
have an improved ionic conductivity compared to oxide-
based solid electrolytes that have been conventionally
known as solid electrolytes for secondary batteries.
Therefore, the secondary battery 10 using the solid elec-
trolyte 15 of the present embodiment can improve an
output density.
[0053] Moreover, the solid electrolyte 15 of the present
embodiment has the defect structure. This can improve
the ionic conductivity. The output density of the second-
ary battery 10 using the solid electrolyte 15 can be im-
proved.
[0054] The present disclosure is not limited to the
embodiments described above, and various modifica-
tions can be made as follows within a range not departing
from the spirit of the present disclosure. The means
disclosed in each of the above embodiments may be
appropriately combined to the extent practicable.
[0055] For example, in the above embodiments, the
solid electrolyte for the secondary battery of the present
disclosure is applied to a lithium ion battery, but the solid
electrolyte for the secondary battery of the present dis-
closure may be applied to another secondary battery.
Specifically, when K is used as the alkali metal repre-
sented by Aa in the composition formula, it can be usedas
a solid electrolyte for a potassium ion battery, and when
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Na is used as the alkali metal represented by Aa in the
composition formula, it can be used as a solid electrolyte
for a sodium ion battery.
[0056] Although the disclosure has been described in
accordance with the examples, it is understood that the
present disclosure is not limited to the above examples or
structures. To the contrary, the present disclosure is
intended to cover various modification and equivalent
arrangements. In addition, while the various elements
are shown in various combinations and configurations,
which are exemplary, other combinations and configura-
tions, including more, less or only a single element, are
also within the spirit and scope of the present disclosure.

Claims

1. A solid electrolyte for a secondary battery, compris-
ing an oxide-based solid electrolyte having a pyro-
chlore structure represented by a composition for-
mula of Aa2-αAb(1+α)/3B2O7-βXβ, where

Aa is an alkali metal,
Ab contains at least a lanthanoid,
B is a cationic metal different from Aa and Ab,
and
X is an anion that is substitutable with an O atom
constituting the pyrochlore structure.

2. The solid electrolyte for the secondary battery ac-
cording to claim 1, wherein, in the composition for-
mula, α is in a range of 0.6<α<2.0, β is in a range of
0<β≤1, and the oxide-based solid electrolyte has a
defect structure.

3. The solid electrolyte for the secondary battery ac-
cording to claim 1, wherein, in the composition for-
mula, a sum of valences of cations composed of Aa,
Ab, and B and anions composed of O and X is
negative, and the solid electrolyte has a defect struc-
ture.

4. The solid electrolyte for the secondary battery ac-
cording to any one of claims 1 to 3, wherein the alkali
metal is selected from a group consisting of Li, Na
and K.

5. The solid electrolyte for the secondary battery ac-
cording to any one of claims 1 to 4, wherein the
lanthanoid is at least one selected from a group
consisting of La, Ce, Nd and Sm.

6. The solid electrolyte for the secondary battery ac-
cording to any one of claims 1 to 5, wherein B is at
least one selected from a group consisting of Ta, Nb,
Ti, Zr, Hf, V, Sb and Bi.

7. The solid electrolyte for the secondary battery ac-

cording to any one of claims 1 to 6, wherein X is at
least one selected from a group consisting of F, OH,
S and Cl.

8. The solid electrolyte for the secondary battery ac-
cording to any one of claims 1 to 7, wherein the solid
electrolyte has an ionic conductivity of an order of
10‑3 S/cm at room temperature.

9. A secondary battery comprising:

the solid electrolyte (15) for the secondary bat-
tery according to any one of claims 1 to 8; and
a positive electrode (14) and a negative elec-
trode (12) disposed so as to sandwich the solid
electrolyte for the secondary battery.
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